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(57) Abstract: A public key validation agent (PKVA) (701) includes a registration authority (702) which issues a first unsigned 
public key validation certificate (unsigned PKVC) (800) off-line to a subject (706) that binds a public key (801) of the subject to 
a first public key serial number (PKVN) (802). The registration authority maintains a certificate database of unsigned PKVCs in 
which it stores the first unsigned PKVC. A credentials server (703) issues a disposable public key validation certificate (disposable 
PKVC) (900) on-line to the subject. The disposable PKVC binds the public key of the subject from the first unsigned PKVC to the 
first PKVN from the first unsigned PKVC. The credentials server maintains a table (704) that contains entries corresponding to valid 
unsigned PKVCs stored in the certificate database. The PKVA can be employed in a public key validation service to validate the 
public key of the subject before a private/public key pair of the subject is used for authentication purposes. 
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Cross Reference To Related Applications 



This patent application is also related to the following Non-Provisional 
U.S. Patent Applications: Serial Number 09/483,185, entitled 
"AUTHORIZATION INFRASTRUCTURE BASED ON PUBLIC KEY 
CRYPTOGRAPHY," having Attorney Docket No. 10991054-1; Serial Number 

10 09/483,189, entitled "METHOD AND APPARATUS FOR PROVIDING 

FIELD CONFIDENTIALITY IN DIGITAL CERTIFICATES," having Attorney 
Docket No. 10991055-1; Serial Number 09/483,356, entitled "LIGHTWEIGHT 
PUBLIC KEY INFRASTRUCTURE EMPLOYING DISPOSABLE 
CERTIFICATES," having Attorney Docket No. 10001540-1; and Serial Number 

15 09/483,186, entitled "LIGHTWEIGHT PUBLIC KEY INFRASTRUCTURE 
EMPLOYING UNSIGNED CERTIFICATES," having Attorney Docket No. 
10001559-1, which all have a filing date of January 14, 2000, are all assigned to 
the same assignee as the present application, and are all herein incorporated by 
reference. 

20 

The Field of the Invention 

The present invention relates to public key cryptosystems, and more 
particularly, to a public key validation service for validating a public key. 

25 Background of the Invention 

Public key cryptosystems are globally deployed on the World Wide Web, 
as well as on a growing number of enterprise networks, for establishment of 
secure communication channels. Every user in a public key cryptosystem has a 
pair of keys including a public key and a private key. The public key is 
30 disclosed to other users while the private key is kept secret. A public key 
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cryptosystem typically has a primary designed use, such as for encryption, 
digital signature, or key agreement. Public key cryptosystems are also used for 
user authentication. For example, a user can authenticate itself to other users by 
demonstrating knowledge of its private key, which other users can verify using 
5 the corresponding public key. 

In an application of a public key cryptosystem for authenticating a user, 
the public key must be securely associated with the identity of the user that owns 
the public key by authenticating the public key itself. Public key certificates are 
typically employed to authenticate the public key. A public key certificate is a 

10 digital document, signed by a certificate authority, that binds a public key with 
one or more attributes that uniquely identify the owner of the public key. The 
public key certificate can be verified using the certificate authority's public key, 
which is assumed to be well known or is recursively certified by a higher 
authority. For example, in a corporation, a public key certificate can bind a 

1 5 public key to an employee number. 

A public key infrastructure (PKI) refers to the collection of entities, data 
structures, and procedures used to authenticate public keys. A traditional PKI 
comprises a certificate authority, public key certificates, and procedures for 
managing and using the public key certificates. 

20 One type of a user of a PKI owns the public key contained in a public 

key certificate and uses the certificate to demonstrate the user's identity. This 
type of user is referred to as the subject of the certificate or more generally as the 
subject. Another type of user relies on a public key certificate presented by 
another user to verify that the other user is the subject of the certificate and that 

25 the attributes contained in the certificate apply to the other user. This type of 
user that relies on the certificate is referred to as a verifier or relying party. 

The association between a public key and an identity can become invalid 
because the attributes that define the identity no longer apply to the owner of the 
public key, or because the private key that corresponds to the public key has 

30 been compromised. A PKI typically employs two complementary techniques for 
dissociating a public key from an identity. In the first technique, each public key 
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certificate has a validity period defined by an expiration date, which is a 
substantial period from the issue date, such as one year from the issue date. In 
the second technique, the certificate authority revokes a public key certificate if 
the public key certificate's binding becomes invalid before the expiration date. 
5 One way of revoking a public key certificate is by including a serial number of 
the public key certificate in a certificate revocation list (CRL), which is signed 
and issued by the certificate authority at known periodic intervals, such as every 
few hours or once a day. An entity that relies on a certificate is responsible for 
obtaining the latest version of the CRL and verifying that the serial number of 

10 the public key certificate is not on the list. 

CRLs typically become quite long very quickly. When the CRLs 
become long, performance is severely impacted. First, CRL retrieval consumes 
large amounts of network bandwidth. Second, each application has to retrieve 
the CRL periodically, parse the CRL, and allocate storage for the CRL. Then, 

1 5 the application needs to carry out a linear search of the CRL for the public key 
certificate serial number when the application verifies each public key 
certificate. As a result, conventional PKIs do not scale beyond a few thousand 
users. 

One solution proposed to alleviate the linear search problem is to 
20 partition CRLs. The serial number of the public key certificate determines 
where the CRL partition is located when the public key certificate is revoked. 
With partitioned CRLs, the application still has to retrieve and store the entire 
CRL or else the application needs to fetch a CRL partition in order to verify a 
certificate. Since certificate verification is a likely critical path, fetching a CRL 
25 partition impacts the time it takes to run the application. 

An on-line certificate status protocol (OCSP) operates by permitting the 
verifier of the public key certificate to ask the certificate authority if the 
certificate is currently valid. The certificate authority responds with a signed 
statement. The OCSP allows CRLs to be avoided, but requires the verifier to 
30 query the certificate authority as part of the transaction that employs the public 
key certificates. The verifier querying the certificate authority increases the time 
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it takes to perform the transaction. The OCSP scheme is highly vulnerable to a 
denial-of-service attack, where the attacker floods the certificate authority with 
queries. Responding to each query is computationally expensive, because each 
response requires a digital signature. 
5 In a certificate status proofs scheme, the certificate authority maintains a 

data structure describing the set of valid and invalid certificates in the directory. 
For every public key certificate that has not yet expired, a short cryptographic 
proof can be extracted from the data structure of the certificate's current status 
(i.e., valid or invalid). A CRL can essentially be viewed as a cryptographic 

10 proof of invalidity for the public key certificates in the CRL, and proof of 

validity for those not in the CRL. The CRL, however, is not a short proof. The 
short cryptographic proof can be obtained by the verifier from the directory, or it 
can be obtained by the subject and presented to the verifier together with the 
public key certificate. 

1 5 The Simple Public Key Infrastructure (SPKI) working group of the 

Internet Society and the Internet Engineering Task Force has proposed the 
possibility of employing short-lived certificates as a method of achieving fine- 
grain control over the validity interval of a certificate. See CM. Ellison, B. 
Frantz, B. Lampson, R. Rivest, B.M. Thomas and T. Ylonen, SPKI Certificate 

20 Theory, Request for Comments 2560 of the Internet Engineering Task Force, 
September 1999. The SPKI certificate theory reference states that there are 
cases in which a short-lived certificate requires fewer signatures and less 
network traffic than various on-line test options. The use of a short-lived 
certificate always requires fewer signature verifications than the use of a 

25 certificate plus on-line test result. 

Nevertheless, no practical method of issuing short-lived certificates has 
been proposed. Traditional certificates are issued off-line, as part of a process 
that includes subject registration, at the rate of one per year per user. By 
contrast, short-lived certificates would have to be issued on-line at the rate of at 

30 least one per day per user, and perhaps as often as one every few minutes for 
every user. 

4 
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The term on-line and the term off-line have particular definitions in the 
context of a PKI. The term on-line herein refers to the day-to-day usage of 
public key certificates and key pairs for authentication. The term off-line herein 
refers to the more infrequent establishment or dissolution of public key bindings, 
5 which may result in the issuing or revocation of public key certificates. For 

example, the traditional certificate authority is off-line, issues CRLs off-line, and 
places the CRLs in a directory for on-line retrieval. The scheme involving 
certificate status proofs also makes use of off-line certificate authorities. The 
OCSP is the only scheme described above that employs an on-line certificate 
10 authority. 

In a traditional PKI, a public key is authenticated by a certificate signed 
by a certificate authority. If the private key associated with the public key is 
compromised, the subject of the certificate notifies the certificate authority, 
which revokes the certificate. 

15 It is conceivable, however, that the same private/public key pair could be 

used for multiple purposes. For some purposes, the public key traditionally 
could be authenticated by one or more traditional certificates, issued by one or 
more certificate authorities. For other purposes, the public key may be known 
directly to one or more verifiers, and thus may not have to be authenticated. 

20 If a private/public key pair is used for multiple purposes, when the 

private key is compromised it becomes necessary to prevent further use of the 
key pair for any of the multiple purposes. Revoking a single certificate is no 
longer sufficient to prevent all uses of the private/public key pair. Thus, it would 
be desirable to provide a practical way for a single action taken by the owner of 

25 the private/public key pair to prevent any further use of the key pair that would 
allow an impostor to masquerade as the legitimate owner of the key pair. 

Ecommerce Scenario 

It would be desirable in an ecommerce scenario to have multiple uses of 
30 a single public/private key pair. In current ecommerce applications, the retailer's 
web server demonstrates its identity using a public/private key pair and a public 

5 
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key certificate signed by a certificate authority whose public key is configured 
into the browsers. The customer, on the other hand, demonstrates the customer's 
identity by a password, sent encrypted after a Secure Sockets Layer (SSL) 
connection has been established between the browser and the server. The 
5 password is established when the customer registers with the retailer's 

ecommerce site, and is used to identify the customer on repeat visits to the site. 

Although passwords are sent encrypted, this use of passwords is 
vulnerable because customers are likely to use the same password to access all 
sites. An insider attack at one web site may provide the attacker with passwords 

10 that can be used to masquerade for users at other sites, such as at popular sites 
where most ecommerce customers have an account. An attacker could also set 
up a fake ecommerce site with the only purpose of collecting passwords from 
customers in order to access those customers' accounts at other sites. 

Because of this vulnerability of passwords, there is a need for the use of 

15 public key cryptography for client authentication, in addition to its current use 
for web server authentication. The SSL protocol allows the web browser to 
submit a client certificate to the server and to demonstrate knowledge of the 
private key associated with the public key contained in the certificate. The 
private key may be stored in a smart card for protection against software attack. 

20 The traditional PKI paradigm for ecommerce calls for the client 

certificate to be signed by a certificate authority independent of any particular 
ecommerce retailer, such as by a commercial certificate authority (e.g., 
Verisign). However, it is unlikely that an ecommerce site will accept a 
certificate issued by a third party certificate authority, because the ecommerce 

25 site would have to trust the certificate authority to establish the identity of the 
customer. Ecommerce retailers have developed their own processes for 
registering customers, tailored to their specific needs. Thus, ecommerce retailers 
are unlikely to abandon their own processes and rely instead on registration by 
one or more third party certificate authorities over which they have no control. 

30 Therefore, there is a desire for an alternative PKI paradigm for 

ecommerce in which the customer could register the customer's public key 

6 
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directly with the ecommerce site, as part of the customer registration process. It 
is desirable that in such an alternative PKI paradigm that the customer could 
provide the customer's public key, instead of a password, when registering with 
the site. To avoid modifying SSL, it would be desirable to have the customer 
5 send the public key in a self-signed client certificate. 

In such ecommerce scenario, each customer has a private public key pair, 
with the private key safely stored and used in a smart card, and registers the 
public key with many different ecommerce sites. Thus, the private/public key 
pair is used for many purposes. When the private key is compromised, the 

10 customer must prevent use of the private/public key pair at all ecommerce sites 
where the customer has registered the public key, and just remembering these 
sites could be a difficult task for the customer. Thus, there is a need for a new 
mechansim which allows the customer to prevent further use of the 
private/public key pair at all sites by taking a single action. 

15 Ron Rivest, R.L. Rivest, Can we Eliminate Certificate Revocation Lists?, 

Proceedings of Financial Cryptography, 1998, ("the Rivest Reference") has 
proposed a way of preventing use of a private/public key pair after the private 
key has been compromised. The method proposed in the Rivest Reference 
makes use of an association of suicide bureaus. The owner of a private/public 

20 key pair registers the public key with a suicide bureau. When the private/public 
key is compromised, the owner signs a suicide note using the private key and 
sends the suicide note to the suicide bureau, which broadcasts the suicide note to 
the association. While the private key is not compromised, the owner can obtain 
a certificate of health for the public key and present it to a verifier together with 

25 a public key certificate. The certificate of health is a digital document signed by 
the suicide bureau asserting that the suicide bureau has registered the public key 
and is not aware of any suicide note for that public key. 

One drawback of the suicide bureau method proposed in the Rivest 
Reference is that after the legitimate owner of a private/public key pair has 

30 registered the public key with a first suicide bureau, an attacker can register the 
same public key with a different suicide bureau, in anticipation of gaining 
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knowledge of the private key. If the attacker later does gain knowledge of the 
private key, and the compromise is detected, the legitimate owner of the 
private/public key pair will send a suicide note to the first suicide bureau, but the 
attacker may still obtain a certificate of health from the second suicide bureau. 
5 To prevent this, all suicide bureaus must belong to a single association and must 
be linked by a reliable broadcast network, which will be difficult to achieve in 
practice. The second suicide bureau must listen on the network and invalidate its 
record of the private key, even though the suicide note is for a public key that 
had been registered with the first suicide bureau. 

10 A second drawback of the proposed suicide bureau method is that after a 

public key has been compromised and the suicide note has been broadcast to all 
suicide bureaus, an attacker could register the public key in a new registration 
with the same or with a different suicide bureau, and could then obtain 
certificates of health based on the new registration. To prevent this, every 

1 5 suicide bureau must maintain a perfect record of every public key registered in 
any suicide bureau for which a suicide note has ever been issued. This, again, is 
difficult to achieve in practice. 

A third method drawback of the proposed suicide bureau method is that 
the method is only applicable to private/public key pairs that belong to a 

20 signature cryptosystem, because the private key must be used to sign the suicide 
note. In particular, the method cannot be used for key pairs belonging to the 
Diffie-Hellman (DH) cryptosystem, since a Diffie-Hellman private key cannot 
be used to sign documents. 



25 private/public key pair after the private key has been comprised which does not 
have the above drawbacks of the suicide bureau method proposed in the Rivest 
Reference. 



Thus, there is a need for an improved way of preventing use of a 
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Summary of the Invention 

One aspect of the present invention provides a public key validation 
agent (PKVA) including an off-line registration authority and an on-line 
credentials server. The registration authority issues a first unsigned public key 
5 validation certificate (unsigned PKVC) off-line to a subject that binds a public 
key of the subject to a first public key serial number (PKVN). The registration 
authority maintains a certificate database of unsigned PKVCs in which it stores 
the first unsigned PKVC. The credentials server issues a disposable public key 
validation certificate (disposable PKVC) on-line to the subject. The disposable 
10 PKVC binds the public key of the subject from the first unsigned PKVC to the 
first PKVN from the first unsigned PKVC. The credentials server maintains a 
table that contains entries corresponding to valid unsigned PKVCs stored in the 
certificate database. 



15 Brief Description of the Drawings 

Figure 1 is a block diagram of a lightweight public key infrastructure 
(PKI) employing short-term disposable certificates. 

Figure 2 is a diagram of an unsigned certificate issued from a registration 
authority of the PKI of Figure 1 . 
20 Figure 3 is a flow diagram of an off-line protocol for issuing an unsigned 

certificate from a registration authority of the PKI of Figure 1 . 

Figure 4 is a diagram of a non-structured short-term disposable certificate 
as issued by a credentials server of the PKI of Figure 1. 

Figure 5 is a flow diagram illustrating an on-line protocol for issuing a 
25 short-term disposable certificate from a credentials server of the PKI of Figure 1 . 

Figure 6 is a flow diagram illustrating an on-line protocol for a subject to 
demonstrate its identity to a verifier of the PKI of Figure 1 . 

Figure 7 is a flow diagram illustrating a protocol for a registration 
authority to revoke an unsigned certificate for the PKI of Figure 1 . 
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Figure 8 is a block diagram of a lightweight PKI employing short-term 
disposable certificates for authorization. 

Figure 9 is a diagram of a structured short-term disposable certificate as 
issued by a credentials server of the PKI of Figure 8. 
5 Figure 10 is a flow diagram illustrating an on-line protocol for issuing a 

structured short-term disposable certificate from a credentials server of the PKI 
of Figure 8. 

Figure 1 1 is a flow diagram illustrating an on-line protocol used by a 
subject to demonstrate its identity to a verifier of the PKI of Figure 8. 
10 Figure 12 is a block diagram of a distributed certificate authority having 

distributed credentials servers according to the present invention. 

Figure 13 is a block diagram of a PKI having a public key validation 
service (PKVS) and employing authentication with traditional public key 
certificates. 

15 Figure 14 is a diagram of an unsigned public key validation certificate. 

Figure 15 is a diagram of a disposable public key validation certificate. 

Figure 16 is a diagram of a revocable certificate. 

Figure 1 7 is a block diagram of a PKI having a PKVS and employing 
authentication with disposable certificates. 
20 Figure 1 8 is a diagram of a regular unsigned certificate. 

Figure 19 is a diagram of a regular disposable certificate. 

Figure 20 is a block diagram of a PKI having a PKVS and employing 
authentication with unsigned certificates. 

Figure 21 is a diagram of a regular unsigned certificate. 
25 Figure 22 is a block diagram of a PKI having a PKVS and employing 

authentication without certificates, such as in an ecommerce scenario. 

Figure 23 is a block diagram of a computer system and a corresponding 
computer readable medium incorporating one or more main software program 
components of a PKI according to the present invention. 

30 
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Description of the Preferred Embodiments 

In the following detailed description of the preferred embodiments, 
reference is made to the accompanying drawings which form a part hereof, and 
in which is shown by way of illustration specific embodiments in which the 
5 invention may be practiced. It is to be understood that other embodiments may 
be utilized and structural or logical changes may be made without departing 
from the scope of the present invention. The following detailed description, 
therefore, is not to be taken in a limiting sense, and the scope of the present 
invention is defined by the appended claims. 

10 The present invention relates to a public key validation service (PKVS) 

for validating a subject's public key before using the subject's private/public key 
pair for authentication purposes. The PKVS of the present invention is better 
understood by first describing a lightweight PKI employing disposable 
certificates, such as described in the above incorporated co-pending Patent 

1 5 Application entitled "LIGHTWEIGHT PUBLIC KEY INFRASTRUCTURE 
EMPLOYING DISPOSABLE CERTIFICATES." 

Lightweight Public Key Infrastructure Employing Disposable Certificates 

A lightweight public key infrastructure (PKI) is illustrated generally at 30 

20 in Figure 1. PKI 30 includes several main components which are each a 

software program. The main software program components of PKI 30 run on 
one or more computer systems. In one embodiment, each of the main software 
program components runs on its own computer system. 

A certificate authority 32 issues short-term disposable certificates to one 

25 or more subjects, such as subject 34. Subject 34 is a user which owns a public 
key contained in the short-term disposable certificate and uses the short-term 
disposable certificate to demonstrate the subject's identity to one or more 
verifiers, such as verifier 36, by demonstrating that the subject has knowledge of 
a private key corresponding to the public key in the short-term disposable 

30 certificate. Verifier 36 is a user which relies on the short-term disposable 
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certificate presented by subject 34 to verify that subject 34 is the subject of the 
short-term disposable certificate and that the attributes contained in the short- 
term disposable certificate apply to subject 34. In some embodiments of PKI 30, 
the same user can play the role of subject 34 and verifier 36 in different 
5 situations. 

PKI 30 does not issue traditional long-term certificates, such as issued by 
conventional PKIs. Traditional long-term certificates typically have a validity 
period defined by an expiration date, which is a substantial period from the issue 
date, such as one year from the issue date. A conventional certificate authority 

10 needs to revoke a traditional long-term certificate if the public key certificate 
binding becomes invalid before the expiration date. As discussed in the 
Background of the Invention section of the present specification, a variety of 
methods have been used to revoke traditional long-term certificates, such as by 
using a certificate revocation list (CRL) or an on-line certificate status protocol 

15 (OCSP). 

By contrast to traditional long-term certificates, the short-term disposable 
certificates issued by certificate authority 32 are not subject to revocation. The 
short-term disposable certificates are referred to as being disposable, because 
subject 34 can throw them away after a few uses. As a result, in one 

20 embodiment, the short-term disposable certificates are stored in volatile memory 
and are not saved to a disk. PKI 30 is referred to as being a lightweight PKI 
because it is substantially simpler and more efficient than a conventional PKI. 

A short-term disposable certificate is herein defined as a public key 
certificate that binds the subject's public key to one or more names or identifiers 

25 and has a short validity period determined by an expiration date/time. An 

example validity period for a short-term disposable certificate is one day, a few 
hours, or even a few minutes. Since the validity period is quite short, revocation 
is not necessary. Subject 34 requests a fresh short-term disposable certificate as 
needed and submits it to verifier 36. Verifier 36 only needs to check the 

30 expiration date/time to verify that the short-term disposable certificate is valid. 
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From the point of view of verifier 36, the use of short-term disposable 
certificates is a much better scheme than using traditional long-term certificates, 
because verifier 36 only has to verify a signature of the short-term disposable 
certificate and check the expiration date/time of the short-term disposable 
5 certificate. Since the certificate validation work of verifier 36 is likely to be a 
critical path in the overall work of verifier 36, short-term disposable certificates 
are a good solution for the verifier. In many cases, the verifier is a performance 
bottleneck and thus short-term disposable certificates are a good overall solution 
for PKI 30. 

10 Certificate authority 32 includes a registration authority 38 that maintains 

a certificate database (DB) 40 containing unsigned certificates. Certificate 
authority 32 also includes a credentials server 42 that maintains a hash table 
(HT) 44 containing cryptographic hashes of unsigned certificates. 

Registration authority 38 is an off-line component of certificate authority 

15 32 and is responsible for subject registration and for maintaining certificate 

database 40. Each unsigned certificate in certificate database 40 binds a public 
key of a subject to one or more attributes that uniquely identify the subject. 

Credentials server 42 is an on-line component of certificate authority 32 
and is responsible for issuing the short-term disposable certificates and for 

20 maintaining the list of cryptographic hashes of currently valid unsigned 
certificates in hash table 44. Each cryptographic hash in hash table 44 is 
computed from an unsigned certificate using an agreed upon collision-resistant 
hash function, such as SHA-1 or MD5. Hash table 44 is essentially a list of the 
currently valid unsigned certificates which is keyed by the cryptographic hash. 

25 Cryptographic hashes function well as keys for hash table 44, because 
cryptographic hashes behave statically as random quantities. 

Subject 34 has a private-key 46 stored in a secure storage medium 48, 
such as a smartcard or secure software wallet. Subject 34 also has a public key 
mathematically associated with private key 46. Subject 34 registers the public 

30 key corresponding to private key 46 with registration authority 38 by sending the 
public key and one or more attributes that uniquely identify subject 34*s identity 
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to registration authority 38 and demonstrating that the identification attributes 
apply to subject 34. Examples of such identification attributes include name, 
social security number, and employee number. 

The components of PKI 30 are linked by one or more computer 
5 networks. A network connection 50 couples credentials server 42 and subject 
34. A network connection 52 couples subject 34 and verifier 36. Network 
connections 50 and 52 are shown as solid lines in Figure 1 and are used for on- 
line communications. A network connection 54 couples registration authority 38 
and subject 34. A network connection 56 couples registration authority 38 and 

10 credentials server 42. Network connections 54 and 56 are represented as dotted 
lines in Figure 1 and are used for off-line communications. Registration 
authority 38 is only involved in off-line communications and communicates 
through off-line network connections 54 and 56. On the other hand, credentials 
server 42 is involved in on-line communications through network connection 50. 

1 5 One embodiment of an unsigned certificate issued by registration 

authority 38 is illustrated generally at 60 in Figure 2. Unsigned certificate 60 
includes a meta-data (MD) field 61 containing data about unsigned certificate 60 
itself rather than data related to the subject. Examples of data stored in meta- 
data field 61 include serial number and issuer name. Unsigned certificate 60 

20 includes a subject's public key (PK) 62. Unsigned certificate 60 includes long- 
term identification information (LTI) field 63 containing attributes uniquely 
identifying subject 34, such as the subject's name, the subject's social security 
number, or the subject's employee number. 

Unsigned certificate 60 optionally includes a long-term expiration (EXP) 

25 field 64 which contains a date/time of expiration for unsigned certificate 60. The 
expiration date/time contained in long-term expiration field 64 is useful for 
administrative purposes, but is not required for proper functioning of PKI 30. 
By contrast, in a conventional PKI, the expiration date is required to reduce the 
size of the CRL as revoked certificates reach their expiration dates. Unsigned 

30 certificate 60 optionally includes a duration (DUR) field 65 that specifies a 
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duration for the validity period of any short-term disposable certificates issued 
against unsigned certificate 60. 

An off-line protocol for issuing unsigned certificate 60 from registration 
authority 38 is illustrated generally at 100 in Figure 3. At step 102, subject 34 
5 sends its public key and one or more attributes that uniquely identify subject 34 
to registration authority 38. 

At step 103, subject 34 demonstrates knowledge of the private key 46 
associated with the subject 34's public key. Step 1 03, is performed in a way that 
depends on the cryptosystem for which the private-public key pair has been 
10 generated by subject 34. For example, in a digital signature cryptosystem, 

subject 34 demonstrates knowledge of the private key 46 by using private key 46 
to digitally sign a quantity derived from a random quantity generated by 
registration authority 38. Registration authority 38 then verifies this digital 
signature using subject 34's public key. 
1 5 At step 104, subject 34 demonstrates to registration authority 38, by out- 

of-band administrative means, that the identification attributes sent in step 102 
apply to subject 34. 

At step 106, registration authority 38 creates unsigned certificate 60 and 
stores unsigned certificate 60 in certificate database 40. At step 108, registration 
20 authority 38 sends unsigned certificate 60 to subject 34. 

At step 110, registration authority 38 computes a cryptographic hash of 
unsigned certificate 60 using an agreed upon collision-resistant hash function, 
such as SHA-1 or MD5. In step 110, registration authority 38 sends the 
computed cryptographic hash of unsigned certificate 60 to credential server 42 
25 over network connection 56, which provides data integrity protection, such as 
with a Secure Sockets Layer (SSL) connection. 

At step 1 12, credentials server 42 stores the cryptographic hash of 
unsigned certificate 60 computed in step 1 10 in hash table 44. 

One embodiment of a short-term disposable certificate as issued by 
30 credentials server 42 is illustrated generally at 70 in Figure 4. Short-term 
disposable certificate 70 includes a meta-data (MD) field 71 containing data 
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about short-term disposable certificate 70 rather than the subject of short-term 
disposable certificate 70. Short-term disposable certificate 70 includes a public 
key (PK) 72 which is the same public key as public key 62 of unsigned 
certificate 60. The subject of unsigned certificate 60 and short-term disposable 
5 certificate 70 has only one private-public key pair associated with private key 46 
stored in smartcard or secure software wallet 48. Short-term disposable 
certificate 70 includes long-term identification information (LTI) field 73 
containing attributes uniquely identifying subject 34. Long-term identification 
information field 73 is identical to long-term identification information field 63 

10 of unsigned certificate 60. 

Short-term disposable certificate 70 also includes a short-term expiration 
(EXP) field 76 that specifies a date and time of expiration for a short-term 
disposable certificate 70. In one embodiment where unsigned certificate 60 
contains a duration field 65 that specifies a duration for the validity period of the 

15 short-term disposable certificates issued therefrom, the date and time specified 
by short-term expiration field 76 is obtained by adding the duration specified by 
duration field 65 to the date and time at which short-term disposable certificate 
70 is issued by credentials server 42. In one embodiment, the duration of the 
validity period of short-term disposable certificate 70 is not explicitly specified 

20 by a duration field 65 in unsigned certificate 60. In this embodiment, the 

duration of the validity period of short-term disposable certificate 70 is set by a 
policy. 

Short-term disposable certificate 70 also includes a signature field 77 
containing a signature of credentials server 42. The signature in signature field 
25 77 is made by credentials server 42 on the sequence of fields 71, 72, 73, and 74, 
as well as, if necessary, the specification of the cryptosystem that has been used 
to produce the signature and must be used to verify the signature. 

In one embodiment, short-term disposable certificate 70 is implemented 
with an X.509v3 certificate. 
30 An on-line protocol for issuing a short-term disposable certificate 70 to 

subject 34 from credentials server 42 against unsigned certificate 60 is generally 
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illustrated at 200 in Figure 5. At step 202, subject 34 sends a message to 
credentials server 42 containing unsigned certificate 60 and requesting that a 
short-term disposable certificate be issued against unsigned certificate 60. 
At step 204, credentials server 42 computes a cryptographic hash of 
5 unsigned certificate 60 by the agreed upon collision-resistant hash function. In 
step 204, credentials server 42 then verifies that the computed cryptographic 
hash is present in hash table 44. At step 206, credentials server 42 creates short- 
term disposable certificate 70 and sends short-term disposable certificate 70 to 
subject 34. 

10 In step 204, credentials server 42 performs the hash table 44 look-up with 

an efficient and computationally inexpensive operation. The signature operation 
performed by credentials server 42 in step 206 to create short-term disposable 
certificate 70, however, is a computationally expensive operation. Nevertheless, 
step 206 with the computationally expensive signature operation is only 

15 performed if the look-up of hash table 44 succeeds. The impact of a denial-of- 
service attack against credentials server 42 is reduced by only performing step 
206 if the look-up in step 204 succeeds. 

An on-line protocol employed by subject 34 to demonstrate its identity to 
verifier 36 is illustrated generally at 300 in Figure 6. At step 302, subject 34 

20 sends the issued short-term disposable certificate 70 to verifier 36. At step 304, 
verifier 36 verifies that the expiration date and time specified in short-term 
expiration field 76 of short-term disposable certificate 70 has not been reached. 

At step 306, verifier 36 uses a public key of credentials server 42 to 
verify the signature in signature field 77 of short-term disposable certificate 70. 

25 Verifier 36 knows the public key of credentials server 42 either directly or 
through certification by a higher certificate authority. 

At step 308, subject 34 demonstrates knowledge of the private key 46 
associated with the public key 72 contained in short-term disposable certificate 
70. Step 308 is performed in a way that depends on the cryptosystem for which 

30 the private/public key pair has been generated by subject 34. For example, in a 
digital signature cryptosystem, subject 34 demonstrates knowledge of the private 

17 



WO 01/52470 PCT/US01/01520 




key 46 by using private key 46 to digitally sign a quantity derived from a 
random quantity generated by verifier 36. Verifier 36 then verifies this digital 
signature using the public key 72 in short-term disposable certificate 70. 

Subject 34 can delete short-term disposable certificate 70 when the short- 
5 term disposable certificate expires, because subject 34 can obtain a new short- 
term disposable certificate by sending the unsigned certificate to credentials 
server 42. In one embodiment subject 34 stores short-term disposable certificate 
in volatile memory and does not save it to disk. 

An off-line protocol for revoking unsigned certificate 60 is illustrated 

10 generally at 400 in Figure 7. Off-line protocol 400 is performed when subject 
34' s private key 46 is compromised or the identification attributes in long-term 
identification information field 63 no longer apply to subject 34, because in 
either case the binding of public key 62 to the identification attributes is invalid. 
At step 402, registration authority 38 retrieves unsigned certificate 60 

15 from certificate database 40 and computes a cryptographic hash of unsigned 
certificate 60 using the agreed upon collision-resistant hash function. In one 
embodiment, registration authority 38 marks unsigned certificate 60 in certificate 
database 40 as being invalid, for auditing purposes. In an alternative 
embodiment, where retention of unsigned certificate 60 in certificate database 40 

20 is not required for auditing purposes, registration authority 38 deletes unsigned 
certificate 60 from certificate database 40. 

At step 404, registration authority 38 sends a message to credentials 
server 42 containing the cryptographic hash of unsigned certificate 60 computed 
in step 402. The message sent in step 404 also requests that credentials server 42 

25 remove the corresponding cryptographic hash of unsigned certificate 60 from 
hash table 44. 

At step 406, credentials server 42 removes the cryptographic hash of 
unsigned certificate 60 from hash table 44 which corresponds to the 
cryptographic hash sent in the message from registration authority 38 in step 
30 404. After step 406 is completed, credentials server 42 no longer issues short- 
term disposable certificates 70 against unsigned certificate 60. Consequently, 
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once protocol 400 has been executed, neither subject 34 nor an attacker can 
obtain a short-term disposable certificate by presenting unsigned certificate 60 to 
credentials server 42. 

An alternate embodiment lightweight PKI is illustrated generally at 30' in 
5 Figure 8. The PKI 30' components 32', 34\ 36', 38', 40\ 42', 44', 46 r , 48\ 50\ 
52', 54', and 56* generally operate and are generally coupled substantially the 
same as the corresponding PKI 30 components 32, 34, 36, 38, 40, 42, 44, 46, 48, 
50, 52, 54, and 56 described above. 

PKI 30', however, includes a directory 90. In one embodiment, directory 

10 90 is a lightweight directory access protocol (LDAP) directory. PKI 30' also 
includes a network connection 92 to couple credentials server 42' to directory 90 
to permit credentials server 42' to access directory 90. Credentials server 42 1 
obtains short-term authorization information stored in directory 90. Credentials 
server 42' adds the short-term authorization information obtained from directory 

15 90 to short-term disposable certificates issued by credentials server 42', in a 
similar manner as described in co-pending application entitled, 
"AUTHORIZATION INFRASTRUCTURE BASED ON PUBLIC KEY 
CRYPTOGRAPHY," which is incorporated by reference above, to create short- 
term credentials certificates which can be employed for authorization of subject 

20 34'. 

The short-term authorization information data contained in directory 90 
relates to attribute or authorization information about subject 34'. Example 
short-term authorization information includes expense authorization limit for an 
enterprise application, co-payment amount for an insurance application, disk 
25 storage quota for an Information Technology (IT) application, and user ID plus 
Group ID for Unix access application. 

In PKI 30', verifier 36' is an application program running on a server 
computer system and subject 34' is a client program that uses the application. 

Unsigned certificates issued by registration authority 38' are substantially 
30 similar to the unsigned certificates issued by registration authority 38, such as 
unsigned certificate 60 of Figure 2. 
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PKI 30' employs off-line protocol 100 illustrated in Figure 3 for issuing 
unsigned certificate 60 from registration authority 38. In addition, PKI 30* 
employs off-line protocol 400 illustrated in Figure 7 for registration authority 38' 
to revoke unsigned certificate 60. 
5 One embodiment of a structured short-term disposable certificate issued 

by credentials server 42* is illustrated generally at 80 in Figure 9. Short-term 
disposable certificate 80 is a structured certificate, such as the structured 
certificates defined and described in co-pending application entitled, "METHOD 
AND APPARATUS FOR PROVIDING FIELD CONFIDENTIALITY IN 

1 0 DIGITAL CERTIFIC ATES " which is incorporated by reference above. 

Structured short-term disposable certificate 80 includes a meta-data field (MD) 
field 81, a public key (PK) 82, a short-term expiration field 86, and a signature 
field 87, which are substantially similar to meta-data field 71, public key 72, 
short-term expiration field 76 and signature field 77 of non-structured short-term 

1 5 disposable certificate 70 of Figure 4. Structured short-term disposable certificate 
80, however, includes folders 88a through 88n, which respectively correspond to 
applications 36'a through 36'n. For every verifier/application 36' that the 
subject/client 34' can access, as specified, for example, by a user profile, there is 
a cryptographic folder 88. Each cryptographic folder 88 contains long-term 

20 identification information 83 and/or short-term authorization information 89 as 
required by the corresponding verifier/application 36' to make authorization 
decisions about the subject/client 34*. In one embodiment, structured short-term 
disposable certificate 80 is implemented by adding a folder extension to an 
X.509v3 certificate. 

25 An on-line protocol for issuing a structured short-term disposable 

certificate 80 to subject/client 34' from credentials server 42* against unsigned 
certificate 60 is generally illustrated at 500 in Figure 10. At step 502, 
subject/client 34 ! sends a message to credentials server 42' containing unsigned 
certificate 60 and requesting that a short-term disposable certificate be issued 

30 against unsigned certificate 60. 
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At step 504, credentials server 42' computes a cryptographic hash of 
unsigned certificate 60 with an agreed upon collision-resistant hash function. In 
step 504, credentials server 42* then verifies that the computed cryptographic 
hash is present in hash table 44\ 
5 At step 506, credentials server 42' accesses directory 90 via network 

connection 92 and obtains short-term authorization information for structured 
short-term disposable certificate 80. 

At step 508, credentials server 42 r combines the short-term authorization 
information obtained from directory 90 in step 506 with the identification 

10 attributes in long-term identification information field 63 of unsigned certificate 
60. In step 508, credentials server 42' creates a cryptographic folder 88 for each 
verifier/application 36' that can be accessed by subject/client 34', where each 
cryptographic folder 88 contains all the long-term identification information 
and/or short-term authorization information required by verifier/application 36 f 

15 to make authorization decisions about subject/client 34\ In step 508, credentials 
server 42' uses the cryptographic folders 88 to create structured short-term 
disposable certificate 80. 

At step 510, credentials server 42' sends structured short-term disposable 
certificate 80 to subject/client 34', with all of the short-term disposable 

20 certificate's folders open. 

An on-line protocol for authorizing subject/client 34' is illustrated 
generally at 600 in Figure 1 1 . On-line protocol 600 is employed by 
subject/client 34 1 to demonstrate its identity to verifier/application 36*. On-line 
protocol 600 is also used by verifier/application 36' to make authorization 

25 decisions concerning subject/client 34', such as allowing/denying access or 
authorizing specific transactions. 

At step 602, subject/client 34 f closes all folders 88 in structured short- 
term disposable certificate 80, except the folder that contains the necessary 
identification/authorization information 83/89 required by verifier/application 

30 36 f to make authorization decisions concerning subject/client 34'. At step 604, 
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subject/client 34' sends structured short-term disposable certificate 80 to 
verifier/application 36\ 

At step 606, verifier/application 36' verifies that the expiration date/time 
specified in expiration field 86 of structured short-term disposable certificate 80 
5 has not expired. 

At step 608, verifier/application 36' uses a public key of credentials 
server 42* to verify the signature in signature field 87 of structured short-term 
disposable certificate 80. Verifier/application 36' knows the public key of 
credentials server 42 f either directly or through certification by a higher 

1 0 certificate authority. 

At step 610, subject/client 34* demonstrates knowledge of the private key 
46' associated with the public key 82 of structured short-term disposable 
certificate 80. Step 610 is performed in a way that depends on the cryptosystem 
for which the private/public key pair has been generated by subject/client 34\ 

15 For example, in a digital signature cryptosystem, subject/client 34* demonstrates 
knowledge of the private key 46* by using private key 46' to digitally sign a 
quantity derived from a random quantity generated by verifier/application 36\ 
Verifier/application 36* then verifies this digital signature using the public key 
82 of structured short-term disposable certificate 80\ 

20 At step 612, verifier/application 36' extracts the 

identification/authorization information 83/89 contained in the open folder 88 of 
structured short-term disposable certificate 80. In step 612, verifier/application 
36' then uses the identification/authorization information 83/89 to make 
authorization decisions concerning subject/client 34\ 

25 On-line protocol 600 for authorizing subject/client 34 f utilizes structured 

short-term disposable certificate 80 having one folder for each application that 
may be accessed by subject/client 34' as determined by a user profile. This 
ensures that each application only has access to authorization information that it 
requires. Nevertheless, the authorization performed by PKI 30' can be 

30 implemented with non-structured short-term disposable certificates, where 



22 



WO 01/52470 



PCT/US01/01520 



multiple non-structured short-term disposable certificates are employed in place 
of one structured short-term disposable certificate 80. 

The PKI 30/30' is greatly simplified and substantially more efficient than 
conventional PKIs. For example, applications only need to use the short-term 
5 disposable certificate for authentication and/or authorization. The unsigned 
certificate 60, which replaces the traditional long-term certificate, can be 
reserved for use by the subject when requesting a short-term disposable 
certificate. Since the unsigned certificate 60 is not used by applications, it does 
not need to be signed. Instead of signing the unsigned certificate 60, the 

10 credentials server keeps the cryptographic hash table 44, which contains the 

cryptographic hashes of the unsigned certificates that are currently valid. In this 
way, certificate revocation is performed simply by removing the cryptographic 
hash of the unsigned certificate from hash table 44. Therefore, unlike 
conventional PKIs, there is no signature required, no expiration date required, 

15 and no need for CRLs for unsigned certificate 60 of the PKI 30/30' . 

PKI 30/30' requires a certificate status check somewhat like the on-line 
certificate status check required by OCSP. The certificate status check of PKI 
30/30', however, occurs when the subject requests the short-term disposable 
certificate, rather than when the subject accesses the application, such as 

20 required by OCSP. 

A distributed certificate authority 132 for use in PKI 30/30' is illustrated 
in Figure 12. Distributed certificate authority 132 includes a registration 
authority 138 having a certificate database 140 which communicates with a 
distributed credentials server 142. 

25 Distributed credentials server 142 includes credentials servers 142a 

through 142n. Each credentials server 142 includes a corresponding hash table 
partition 144. In one embodiment, cryptographic hash table 144 is partitioned 
into hash table partitions 144a through 144n according to a value of some of the 
bits of the cryptographic hash. In a PKI 30/30' employing distributed certificate 

30 authority 132 having distributed credentials servers 142a-142n, the subject sends 
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a request for a short-term disposable certificate directly to the correct hash table 
partition 144. 

Certificate authority 132 is further optimized by directly coupling each 
credentials server 142 with its own replica of directory 190. 
5 The PKI 30/30' is highly scalable because many bottlenecks of 

conventional PKIs are removed. The unsigned certificates 60 employed by PKI 
30/30* do not expire and do not have to be renewed periodically. In addition, 
CRLs are not used. No significant bottlenecks have been introduced with PKI 
30/30*. 

10 One potential bottleneck of PKI 30/30* is that the credentials server 

42/427142 issues short-term disposable certificates very often, such as once a 
day, every few hours, or even every few minutes. This frequency of issuing 
short-term disposable certificates from the credentials server, however, is not a 
significant bottleneck, because the hash table can be partitioned, such as hash 

15 table portions 144a-144n of the distributed certificate authority 132 illustrated in 
Figure 12 and the credentials server can be replicated as required, such as 
credentials servers 142a- 142n of distributed certificate authority 132. 

Another potential bottleneck with PKI 30/30* is the certificate database 
40/40* of registration authority 38/38*. However, certificate database 40/40* is 

20 not a significant bottleneck, because the certificate database is only accessed 
when unsigned certificates 60 are issued or revoked. Certificate database 40/40* 
can be implemented using a relational database management system (DBMS), 
which can handle millions of unsigned certificates. 

Another potential bottleneck with PKI 30/30* is directory 90. Directory 

25 90 is not a significant bottleneck, because directory 90 can be replicated to make 
it possible to handle millions of users. In addition, LDAP traffic to directory 90 
is significantly reduced, since applications do not access directory 90 to make 
authorizations decisions, since all necessary authorization information is 
contained in short-term disposable certificate 80 in the embodiment where PKI 

30 30* is used for authorizing the subject. Therefore, PKI can scale to millions of 
users. 
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Public Key Validation Service 

The present invention concerns a user of a public key cryptosystem 
referred to as a subject (e.g., a human or a computer system), which has a 
5 public/private key pair, and which uses the key pair to demonstrate its identity to 
another user of the same cryptosystem referred to as a verifier. The subject uses 
a public key validation service (PKVS) to validate the subject's public key 
before using the key pair for authentication purposes, in such a way that the 
public key will cease to be usable for authentication purposes if the subjects 

10 notifies the PKVS that the private key has been compromised. 

The PKVS has one or more public key validation agents (PKVAs). Each 
PKVA has a private/public key pair for a digital signature cryptosystem. The 
PKVA uses its private key to sign public key validation certificates (PKVCs) as 
described below. The reason why a PKVS may have more than one PKVA is to 

1 5 increase the rate at which the PKVS can issue PKVCs. Different PKVAs of the 
same PKVS are functionally independent. In particular, they have different 
signature key pairs. 

The subject registers the subject's public key with a PKVA. The PKVA 
functions as a certification authority that issues disposable certificates similar to 

20 the above described lightweight PKI 30/30* employing disposable certificates, 
except that the PKVA is not concerned with the identity of the subject. Instead 
of binding the public key of the subject to the subject's identity, the PKVA binds 
the public key of the suBject to a serial number generated by the PKVA and 
different from all previous such numbers generated by the same PKVA. This 

25 serial number is referred to herein as a public key validation number (PKVN)- 
The PKVA issues an unsigned certificate that binds the public key to the 
PKVN and sends it to the subject. This certificate is referred to herein as an 
unsigned public key validation certificate (unsigned PKVC). The PKVA also 
sends the subject a public key revocation code(PKRC). The PKRC should be 

30 sent over a secure channel that provides data confidentiality, such as an SSL 
connection, and should be kept secret by the subject. The PKVA later issues 
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disposable certificates to the subject against the unsigned PKVC. A disposable 
certificate issued against the PKVC is referred to herein as a disposable public 
key validation certificate (disposable PKVC). If the subject's private key is 
compromised, the subject asks the PKVA to stop issuing disposable PKVCs, 
5 using the PKRC to authenticate the request. 

The subject may use its private/public key pair for multiple 
authentication purposes, and may use a different authentication method for each 
purpose. Four different example authentication methods are described below 
and include: 1) authentication using traditional public key certificates; 2) 

10 authentication using disposable certificates as described above and in the above 
incorporated co-pending Patent Application entitled "LIGHTWEIGHT PUBLIC 
KEY INFRASTRUCTURE EMPLOYING DISPOSABLE CERTIFICATES;" 
3) authentication using unsigned certificates that are presented directly to the 
verifiers, as described in above incorporated co-pending Patent Application 

1 5 entitled "LIGHTWEIGHT PUBLIC KEY INFRASTRUCTURE EMPLOYING 
UNSIGNED CERTIFICATES;" and 4) authentication without certificates. 

The authentication using unsigned certificates method is suitable when 
there are only a few verifiers (e.g., up to a few hundred verifiers). The 
authentication without certificates method involves only one verifier. Each of 

20 these four methods can be modified to take advantage of a PKVA according to 
the present invention. 

The authentication methods using traditional public key certificates, 
disposable certificates, or unsigned certificates involve certificates issued by a 
certificate authority. Two certificate authorities are employed when any of these 

25 authentication methods are used in conjunction with a PKVA. The two 
certificate authorities issue certificates for the same public key. The first 
certificate authority is the PKVA, which issues certificates binding the public 
key to a PKVN. The second certificate authority issues certificates binding the 
public key to the subject's identity. The second certificate authority is herein 

30 referred to as the regular certificate authority. When there may be confusion, 
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certificates of any kind issued by the regular certificate authority are herein 
referred to as regular certificates. 

In a traditional PKI, a certificate may have to be revoked because the 
attributes contained in the certificate no longer apply to the subject, or because 
5 the private key has been compromised. In either case, the same certificate 

authority must be notified and asked to revoke the certificate. When a PKVA is 
used, the PKVA is notified by the subject when the subject's private key is 
compromised, while the regular certificate authority is notified by an 
administrator when the attributes no longer apply to the subject. 

10 

Authentication with Traditional Public Key Certificates 

In authentication with traditional public key certificates, a subject 
registers its public key and identity attributes with a traditional certificate 
authority. The certificate authority verifies that the attributes apply to the 

1 5 subject, then signs a certificate that binds the subject's public key to the 
attributes. The subject proves its identity to a verifier by submitting the 
certificate and demonstrating knowledge of the private key associated with the 
public key contained in the certificate. 

To take advantage of a PKVA, the above authentication method using 

20 traditional public key certificates is modified as follows. WTien registering with 
the regular certificate authority, the subject submits the unsigned PKVC and the 
public key of the PKVA instead of simply submitting its public key. The subject 
also submits its identity attributes as before. The regular certificate authority 
computes a public key validation hash (PKVH) by applying a collision-resistant 

25 cryptographic hash function, such as MD5 or SHA-1 , to the public key of the 
subject and the PKVN contained in the unsigned PKVC concatenated with the 
public key of the PKVA. 

The regular certificate authority issues a traditional certificate to the 
subject that contains the PKVH as a critical field, in addition to the public key 

30 and attributes of the subject. Later, the subject submits the traditional certificate 
to the verifier and demonstrates knowledge of the private key associated with the 
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public key contained in the certificate. The subject also submits a disposable 
PKVC obtained from the PKVA and the public key of the PKVA to the verifier. 

The verifier verifies the traditional certificate issued by the regular 
certificate authority in the usual way. The verifier verifies that the disposable 
5 PKVC has not expired, and verifies the signature of the PKVA on the disposable 
PKVC using the public key of the PKVA. The verifier computes the PKVH 
from the public key of the subject, the PKVN contained in the disposable PKVC, 
and the public key of the PKVA, and checks that it coincides with the PKVH 
contained in the traditional certificate. 

10 If the private key is compromised, the subject notifies the PKVA, which 

revokes the unsigned PKVC. After the PKVA revokes the unsigned PKVC, the 
PKVA will no longer issue disposable PKVCs binding the public key of the 
subject to the same PKVN. Therefore, an attacker with knowledge of the 
subject's private key will not be able to masquerade as the subject using the 

15 traditional certificate issued by the certificate authority. The attacker can 

register the subject's public key with the same PKVA or with a different PKVA, 
and obtain a disposable PKVC for the public key. The attacker can then submit 
the traditional certificate, the disposable PKVC, and the public key of the PKVA 
that the attacker has used. However, the PKVH computed by the verifier will 

20 not match the PKVH computed by the regular certificate authority and contained 
in the traditional certificate. Indeed, if the attacker has used a different PKVA, 
the public key of the PKVA used in the hash computation will be different. If 
the attacker has used the same PKVA, the PKVA will have generated a different 
PKVN, and thus the PKVN used in the hash computation will be different. 

25 Since the hash computation uses a collision-resistant hash function, if either the 
public key of the PKVA or the PKVN changes, the result of the hash 
computation will have a very high probability of being different. 

A PKI according to the present invention which combines the use of a 
PKVS with the use of traditional certificates is illustrated generally at 700 in 

30 Figure 13. PKI 700 includes several main components which are each a 

software program. The main software program components of PKI 700 run on 
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one or more computer systems. In one embodiment, each of the main software 
program components runs on its own computer system. 

The PKVS of PKI 700 comprises one or more PKVAs 701 having the 
functionality of a certificate authority that can issue disposable certificates 
5 similar to the certificate authority 32/32' of the above described lightweight PKI 
30/30' employing disposable certificates. As such, PKVA 701 includes a 
registration authority (RA) 702 that maintains a certificate database containing 
unsigned certificates. PKVA 701 also includes a credentials server (CS) 703 that 
maintains a hash table (HT) 704 containing cryptographic hashes of unsigned 
10 certificates. 

Registration authority 702 is an off-line component of PKVA 701 and is 
responsible for subject registration, maintaining its certificate database, and 
issuing unsigned certificates. 

Credentials server 703 is an on-line component of PKVA 701 and is 
1 5 responsible for issuing the disposable certificates and for maintaining the list of 
cryptographic hashes of currently valid unsigned certificates in hash table 704. 
Each cryptographic hash in hash table 704 is computed from an unsigned 
certificate using an agreed upon collision-resistant hash function, such as SHA-1 
or MD5. Hash table 704 is essentially a list of the currently valid unsigned 
20 certificates which is keyed by the cryptographic hash. Cryptographic hashes 
function well as keys for hash table 704, because cryptographic hashes behave 
statically as random quantities. 

PKVA 701 has private/public key pair for a digital signature 
cryptosystem. 

25 PKI 700 also comprises a traditional certificate authority (CA) 705 with 

the capability of issuing revocable public key certificates and certificate 
revocation lists, as well as one or more subjects 706 and one or more verifiers 
707. Each subject 706 is equipped with a private/public key pair for a 
cryptosystem of any kind. The certificate authority 705 is equipped with a 

30 private/public key pair for a digital signature cryptosystem. The public key of 
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certificate authority 705 is well known by the verifiers or is certified by a higher 
authority. 

Subject 706 employs the following Protocol PI to register its public key 
withPKVA 701. 

5 

Protocol PI 

1. Subject 706 sends its public key to registration authority 702. 

2. Registration authority 702 generates a public key validation 

1 0 number (PKVN), different from all PKVNs previously generated 

by PKVA 701. 

3. Registration authority 702 creates an unsigned public key 
validation certificate (unsigned PKVC) 800. Unsigned PKVC 

15 800 is illustrated in Figure 14 and comprises a field 801 

containing the public key of subject 706 and a field 802 
containing the PKVN generated in step 2 of Protocol PI. 
Registration authority 702 sends the unsigned PKVC 800 to 
subject 706. 



20 



25 



Registration authority 702 generates a secret quantity to be used 
by subject 706 as a public key revocation code (PKRC) and sends 
it to subject 706 over a secure channel that provides data 
confidentiality. 

Registration authority 702 computes a cryptographic hash of the 
unsigned certificate 800 using a collision-resistant hash function, 
suchasMD5 or SHA-1. 
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6. Registration authority 702 sends the cryptographic hash 

computed in step 5 of Protocol PI and the PKRC generated in 
step 4 of Protocol PI to credentials server 703. 

5 7. Credentials server 703 creates a record in its hash table 704 

containing the cryptographic hash and PKRC sent by registration 
authority 702 in step 6 of Protocol PI . The record is keyed by the 
cryptographic hash. 



10 Subject 706 employs the following protocol P2 to obtain a disposable 

public key validation certificate (disposable PKVC). 



Protocol P2 

1 . Subject 706 sends a message to credentials server 703 containing 
1 5 the unsigned PKVC 800 and requesting that a disposable PKVC 

be issued against the unsigned PKVC 800. 



2. Credentials server 703 computes the cryptographic hash of the 
unsigned PKVC 800 by the same collision-resistant hash function 

20 that was used in step 5 of Protocol PI, and verifies that there is a 

record for that cryptographic hash in the hash table 704. 

3. Credentials server 103 creates a disposable PKVC 900. 
Disposable PKVC 900 is illustrated in Figure 15 and comprises: 

25 a field 901 with same contents as the field 801 of the unsigned 

PKVC 800; a field 902 with same contents as the field 802 of the 
unsigned PKVC 800; a field 903 containing an expiration date 
and time that specify a short validity period for the disposable 
PKVC 900; and a signature field 904. The duration of the 

30 validity period may be specified by subject 706. The signature 

contained in field 904 is computed by credentials server 703 
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using the private key of PKVA 701, on a sequence 905 of non- 
signature fields, such as fields 901, 902, and 903. Credentials 
server 703 sends the PKVC 900 to subject 706. 



5 If its private key is compromised, subject 706 employs the following 

Protocol P3 to prevent impersonation by an attacker. 



Protocol P3 

1 . Subject 706 sends a public key revocation request to credentials 
1 0 server 703 containing the unsigned PKVC 800 sent by 

registration authority 702 in step 3 of Protocol PI and the PKRC 
sent by registration authority 702 in step 4 of Protocol PI. 



2. Credentials server 703 computes the cryptographic hash of the 
1 5 unsigned PKVC 800 using the same- collision-resistant hash 

function that was used by registration authority 702 in step 5 of 
Protocol PI. 



3. Credentials server 703 looks up its hash table 704, finds the 
20 record keyed by the cryptographic hash computed in step 2 of 

Protocol P3, and checks that the PKRC field of that record 
coincides with the PKRC sent by subject 706 in step 1 of Protocol 
P3. If this is the case, credentials server 703 removes the record 
from its hash table 704. 

25 

Subject 706 employs the following Protocol P4 to register with 
traditional certificate authority 705. 
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Protocol P4 

1 . Subject 706 sends the following data to traditional certificate 
authority 705: the unsigned PKVC 800; the public key of PKVA 
701 ; and one or more identity attributes. 

5 

2. Certificate authority 705 verifies, by out-of-band administrative 
means, that the one or more identity attributes sent by subject 706 
in step 1 of Protocol P4 apply to the subject. 



10 3. Certificate authority 705 computes a public key validation hash 

(PKVH) by applying a collision-resistant hash function, such as 
MD5 or SHA-1, to the concatenation of the public key of subject 
706, the PKVN contained in field 802 of the unsigned PKVC 
800, and the public key of PKVA 701. 

15 

4. Certificate authority 705 creates and signs a revocable certificate 
1000 and sends the revocable certificate to subject 706. 
Revocable certificate 1000 is illustrated in Figure 16 and 
comprises: a field 1001 containing a serial number; an optional 

20 field 1002 containing the subject's public key (obtained from 

field 801 of the unsigned PKVC 800); a field 1003 containing the 
one or more identity attributes sent in step 1 of Protocol P4; a 
field 1004 containing the PKVH computed in step 3 of Protocol 
P4; and a field 1005 containing an expiration date/time. In one 

25 embodiment, if the X.509v3 format is used, the field 1004 is 

flagged as being critical, to ensure that it will not be ignored by a 
older verifier that does not understand the purpose of this field. 
The revocable certificate 1000 also includes a signature field 
1006 containing a digital signature computed over a sequence of 

30 non-signature fields 1007, such as fields 1001, 1002, 1003, 1004, 

and 1005, using the private key of certificate authority 705. The 
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field 1002 is optional because the revocable certificate 1000 is 
used in conjunction with a disposable PKVC 900 that contains the 
subject's public key and the PKVH 1004 is derived from the 
subject's public key. 

5 

The following Protocol P5 is employed by subject 706 to prove its 
identity to verifier 707. 

Protocol P5 

10 1. Subject 706 sends the following data to verifier 707: the 

revocable certificate 1000; a recently issued disposable PKVC 
900; and the public key of PKVA 701. 

2. Verifier 707 validates the revocable certificate 1000. Verifier 707 
15 uses field 1005 to verify that the certificate 1000 has not expired. 

Verifier 707 verifies the signature 1006 using the public key of 
certificate authority 705. Verifier 707 verifies that the serial 
number 1001 does not appear in the latest certificate revocation 
list issued by certificate authority 705. 



20 



25 



3. Verifier 707 validates the disposable PKVC 900. Verifier 707 
uses field 903 to verify that the disposable PKVC 900 has not 
expired. Verifier 707 verifies the signature 904 using the public 
key of PKVA 701 sent by subject 706 in step 1 of Protocol P5. 



4. The verifier 707 computes a PKVH by applying the same 

collision-resistant hash function used by certificate authority 705 
in step 3 of Protocol P4 to the concatenation of the public key of 
subject 706, the PKVN in field 902 contained in the disposable 
30 PKVC 900 sent by subject 706 in step 1 of Protocol P5, and the 

public key of PKVA 701 also sent by subject 706 in step 1 of 
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Protocol P5. Verifier 707 checks that the computed PKVH 
coincides with field 1004 of the revocable certificate 1000 sent by 
subject 706 in step 1 of Protocol P5. 

5 5. Subject 706 demonstrates knowledge of the private key 

associated with the public key contained in field 901 of the 
disposable PKVC 900 sent in step 1 of Protocol P5. The method 
in which subject 706 demonstrates knowledge the private key 
depends on the cryptosystem for which the subject's 

10 private/public key pair has been generated. For example, if that 

cryptosystem is a digital signature cryptosystem, subject 706 can 
demonstrate knowledge of the private key by using the private 
key to sign a quantity derived from a random quantity generated 
by verifier 707. Verifier 707 can then verify the signature using 

15 the public key 901. 

Authentication with Disposable Certificates . 

In authentication with disposable certificates as described above for 
lightweight PKI 30/30' employing disposable certificates, the certificate 

20 authority has an off-line component, the registration authority and an on-line 
component, the credentials server. The subject registers its public key and 
identity attributes with the registration authority. The registration authority 
issues an unsigned certificate to the subject, which binds the public key to the 
attributes, and sends the cryptographic hash of the unsigned certificate to the 

25 credentials server, which stores the cryptographic has in a hash table. Later, the 
subject submits the unsigned certificate to the credentials server and obtains a 
disposable certificate as long as the hash of the unsigned certificate is still in the 
hash table. Finally, the subject uses the disposable certificate, as well as 
knowledge of its private key, to demonstrate its identity to a verifier. 

30 To take advantage of a PKVA, the above authentication method using 

disposable certificates is modified as follows. When registering with the 
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registration authority of the regular certificate authority, the subject submits the 
unsigned PKVC and the public key of the PKVA instead of simply submitting 
its public key. The subject also submits its identity attributes as before. The 
registration authority issues a regular unsigned certificate to the subject that 
5 binds the pubic key to the attributes. The registration authority sends to the 
credentials server a cryptographic hash computed by applying a collision- 
resistant hash function, such as MD5 and SHA-1, to the concatenation of the 
regular unsigned certificate with the PKVN and the public key of the PKVA. 
The credentials server adds the cryptographic hash to its hash table as before. 

10 Later the subject submits the regular unsigned certificate to the 

credentials server of the regular certificate authority, together with a disposable 
PKVC and the public key of the PKVA. The credentials server uses the public 
key of the PKVA to verify the signature on the disposable PKVC. The 
credentials server checks that the public key appearing in the regular unsigned 

15 certificate is the same public key that appears in the disposable PKVC. The 

credentials server computes a cryptographic hash by applying the same collision- 
resistant hash function to the concatenation of the regular unsigned certificate, 
the PKVN contained in the PKVC, and the public key of the PKVA, and checks 
that the cryptographic hash appears in its hash table. If the computed 

20 cryptographic hash appears in the credentials server's hash table, the credentials 
server issues to the subject a regular disposable certificate that binds the public 
key of the subject to the identity attributes. The disposable PKVC must still be 
valid, and the expiration date/time of the regular disposable certificate is set so 
that it will expire no later than the disposable PKVC. As in the above 

25 unmodified authentication method using disposable certificates, the subject uses 
the regular disposable certificate, as well as knowledge of its private key, to 
demonstrate its identity to a verifier. 

Notice that the verifier need not be modified to take advantage of the 
PKVA. The subject submits to the verifier only the regular disposable certificate 

30 issued by the credentials server, not the disposable PKVC. The disposable 
PKVC is submitted only to the credentials server. 
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If the private key is compromised, the subject notifies the PKVA, which 
revokes the unsigned PKVC. After the PKVA revokes the unsigned PKVC, the 
PKVA will no longer issue disposable PKVCs binding the public key of the 
subject to the same PKVN. Therefore, an attacker cannot obtain regular 

5 disposable certificates from the credentials server. The attacker can register the 
subject's public key with the same PKVA or with a different PKVA and obtain a 
disposable PKVC for the public key. The attacker can then submit the subject's 
regular unsigned certificate, the disposable PKVC, and the public key of the 
PKVA, to the credentials server. However, the hash computed by the credentials 

10 server will not match the hash that was sent by the registration authority to the 
credentials server when the subject registered with the registration authority. 
Indeed, if the attacker has used a different PKVA, the public key of the PKVA 
used in the hash computation will be different. If the attacker has used the same 
PKVA, the PKVA will have generated a different PKVN, and thus the PKVN 

15 used in the hash computation will be different. Since the hash computation uses 
a collision-resistant hash function, if either the public key of the PKVA or the 
PKVN changes, the result of the computation will have a very high probability 
of being different. 



20 PKVS with the use of regular disposable certificates is illustrated generally at 
1 100 in Figure 17. PKI 1 100 includes several main components which are each 
a software program. The main software program components of PKI 1 100 run 
on one or more computer systems. In one embodiment, each of the main 
software program components runs on its own computer system. 

25 The PKI 1 100 of Figure 17 differs from the PKI 700 illustrated in Figure 

13, in that instead of having the regular certificate authority 705 of PKI 700 that 
issues revocable certificates and certificate revocation lists, PKI 1 100 includes a 
regular certificate authority 1 101 that issues disposable certificates. Certificate 
authority 1 101 comprises an off-line component 1 102, which functions as a 

30 registration authority (RA), and an on-line component 1 103, which functions as 



A PKI according to the present invention which combines the use of a 
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a credentials server (CS). Registration authority 1 102 maintains a database 1 104 
while credentials server 1 103 maintains a hash table 1 105. 

Subject 706 employs the above Protocol PI to register its public key with 
the PKVA 701 and obtain an unsigned PKVC 800. 
5 Subject 706 employs the above Protocol P2 to obtain a disposable PKVC 

900. 

If the subject's private key is compromised, subject 706 employs above 
Protocol P3 to prevent impersonation by an attacker. 

Subject 706 employs the following Protocol P6 to register with the 
10 regular certificate authority 1101 and obtain a regular unsigned certificate. 

Protocol P6 

1 . Subject 706 sends the following data to registration authority 

1 102: the unsigned PKVC 800; the public key of the PKVA; and 
1 5 one or more identity attributes. 



20 



2 . Registration authority 1 1 02 verifies, by out-of-band 

administrative means, that the one or more identity attributes sent 
by subject 706 in step 1 of Protocol P6 apply to subject 706. 



3. Registration authority 1 1 02 creates a regular unsigned certificate 
1200, stores unsigned certificates 1200 in its database 1 104, and 
sends unsigned certificate 1200 to subject 706. The regular 
unsigned certificate 1200 is illustrated in Figure 18 and comprises 

25 the following fields: one or more fields 1201 containing 

metadata, such as serial number and issuer name; an optional field 
1202 containing the public key of the subject 706; one or more 
fields 1203 containing the one or more identity attributes sent by 
the subject 706 in step 1 of Protocol 6; an optional field 1204 

30 specifying an expiration date/time; and an optional field 1205 
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specifying a duration for the validity period of any disposable 
certificates issued against the unsigned certificate 1200. 

4. Registration authority 1 1 02 creates a cryptographic hash by 
5 applying a collision-resistant hash function, such as MD5 of 

SHA-1, to the concatenation of the regular unsigned certificate 
1200, the PKVN field 802 contained in the PKVC 800 sent in 
step 1 of Protocol P6, and the public key of the PKVA also sent 
in step 1 of Protocol P6. Registration authority 1 102 sends this 
10 cryptographic hash to credentials server 1 103. 

5. Credentials server 1 103 stores the cryptographic hash sent by 
registration authority 1 102 in step 4 of Protocol 6 in its hash table 
1105. 



15 



Subject 706 employs the following Protocol P7 to obtain a regular 
disposable certificate from credentials server 1 103. 



Protocol P7 ^ 

20 1 . Subject 706 sends the following data to credentials server 1 103: 

the regular unsigned certificate 1200 obtained from the 
registration authority 1 102 using Protocol P6; a disposable PKVC 
900 recently obtained from the PKVA 701 using Protocol P2; and 
the public key of the PKVA 701. 

25 

2. Verifier 707 validates the disposable PKVC 900 sent in step 1 of 
Protocol P7. Verifier 707 uses field 903 to verify that the 
certificate 900 has not expired. Verifier 707 verifies the signature 
904 using the public key of PKVA 701 also sent in step 1 of 
30 Protocol P7. 
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Credentials server 1 103 computes a cryptographic hash by 
applying the same collision-resistant hash function used by 
registration authority 1 102 in step 4 of Protocol P6 to the 
concatenation of the regular unsigned certificate 1200 sent by 
subject 706 in step 1 of Protocol P7, the PKVN 902 contained in 
the PKVC 900 sent by subject 706 in step 1 of Protocol P7, and 
the public key of PKVA 701 also sent by subject 706 in step 1 of 
Protocol P7. 

Credentials server 1 103 verifies that the cryptographic hash 
computed in step 3 of Protocol P7 is present in its hash table 
1105. 

Credentials server 1 103 creates, signs, and sends to subject 706 a 
regular disposable certificate 1300. Regular disposable certificate 
1300 is illustrated in Figure 19 and comprises the following 
fields: one or more fields 1301 containing metadata, such as 
serial number and issuer name; a field 1302 containing the public 
key of the subject 706, identical to the field 901 of the disposable 
PKVC 900 sent by subject 706 in step 1 of Protocol P7; one or 
more fields 1303 identical to the one or more subject identity 
attributes 1203 of the regular unsigned certificate 1200; a field 
1304 specifying an expiration date/time for the regular disposable 
certificate 1300; and one or more fields 1305 containing the 
signature of credentials server 1 103 on a sequence of non- 
signature fields 1306. The expiration date/time specified by field 
1304 must be no later than the expiration date/time specified by 
field 903 of the disposable PKVC 900 sent by subject 706 in step 
1 of Protocol P7. If the regular unsigned certificate 1200 sent by 
subject 706 in step 1 of Protocol P7 contains the optional field 
1205 specifying a duration for the validity interval of disposable 
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certificates, the expiration date/time specified by field 1304 must 
also be no later than the end of an interval of such duration that 
starts when the disposable certificate 1300 is created. 

5 Subject 706 uses the regular disposable certificate 1 300 in conjunction 

with its private key to prove its identity to a verifier 707. This is accomplished 
as in the unmodified protocol for authentication by disposable certificates as 
described above for lightweight PKI 30/30' employing disposable certificates. 

10 Authentication with Unsigned Certificates 

In authentication with unsigned certificates as described in above 
incorporated co-pending Patent Application entitled "LIGHTWEIGHT PUBLIC 
KEY INFRASTRUCTURE EMPLOYING UNSIGNED CERTIFICATES," the 
subject registers its public key and identity attributes with the certificate 

15 authority. The certificate authority issues an unsigned certificate to the subject, 
which binds the public key to the attributes, and sends the cryptographic hash of 
the unsigned certificate to each verifier, which stores the cryptographic has in its 
hash table. Later, the subject submits the unsigned certificate to a verifier and 
demonstrates knowledge of the private key associated with the public key 

20 contained in the certificate. The verifier computes the cryptographic hash of the 
unsigned certificate and checks that the computed cryptographic hash appears in 
its hash table. 

To take advantage of a PKVA, the above authentication method using 
unsigned certificates is modified as follows. When registering with the regular 

25 certificate authority, the subject submits the unsigned PKVC and the public key 
of the PKVA instead of simply submitting its public key. The subject also 
submits its identity attributes as in the unmodified method. The regular 
certificate authority issues to the subject a regular unsigned certificate that binds 
the pubic key to the attributes. The certificate authority sends to each verifier a 

30 cryptographic hash computed by applying a collision-resistant hash function 

such as MD5 and SHA-1, to the concatenation of the regular unsigned certificate 
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with the PKVN and the public key of the PKVA. Each verifier adds the 
cryptographic hash to its hash table as in the unmodified method. 

Later the subject submits the regular unsigned certificate to a verifier, 
together with a disposable PKVC and the public key of the PKVA. The verifier 
5 checks that the disposable PKVC has not expired and uses the public key of the 
PKVA to verify the signature on the disposable PKVC. The verifier checks that 
the public key appearing in the regular unsigned certificate is the same public 
key that appears in the disposable PKVC, and the subject demonstrates 
knowledge of the private key associated with that public key. The verifier 

10 computes a cryptographic hash by applying the same collision-resistant hash 
function to the concatenation of the unsigned certificate, the PKVN contained in 
the PKVC, and the public key of the PKVA, and checks that the cryptographic 
hash appears in its hash table. 

If the private key is compromised, the subject notifies the PKVA, which 

15 revokes the unsigned PKVC. After the PKVA revokes the unsigned PKVC, the 
PKVA will no longer issue disposable PKVCs binding the public key of the 
subject to the same PKVN. Therefore, an attacker cannot masquerade as the 
subject when interacting with a verifier. The attacker can register the subject's 
public key with the same or with a different PKVA and obtain a disposable 

20 PKVC for the public key. The attacker can then submit the subject's regular 
unsigned certificate, the disposable PKVC, and the public key of the PKVA to a 
verifier. However, the hash computed by the verifier will not match the hash 
that was sent by the certificate authority to the verifier when the subject 
registered with the certificate authority. Indeed, if the attacker has used a 

25 different PKVA, the public key of the PKVA used in the hash computation will 
be different. If the attacker has used the same PKVA, the PKVA will have 
generated a different PKVN, and thus the PKVN used in the hash computation 
will be different. Since the hash computation uses a collision-resistant hash 
function, if either the public key of the PKVA or the PKVN changes, the result 

30 will have a very high probability of being different. 
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A PKI according to the present invention which combines the use of a 
PKVS with the use of regular unsigned certificates that are submitted directly to 
verifiers is illustrated generally at 1400 in Figure 20. PKI 1400 includes several 
main components which are each a software program. The main software 
5 program components of PKI 1400 run on one or more computer systems. In one 
embodiment, each of the main software program components runs on its own 
computer system. 

The PKI 1400 differs from PKI 700 and PKI 1 100 in that the regular 
certificate authority that certifies the subject's identity is implemented in PKI 
10 1400 as a regular certificate authority 1401 that issues unsigned certificates for 
direct use by verifiers. Regular certificate authority 1401 maintains a database 
1402. Also, each verifier 707 in PKI 1400 is connected to certificate authority 
1401 from which each verifier 707 receives cryptographic hashes that each 
verifier 707 stores in a hash table 1403. 
15 Subject 706 employs the above Protocol PI to register its public key with 

PKVA 701 and obtain an unsigned PKVC 800. 

Subject 106 employs the above protocol P2 to obtain a disposable PKVC 

900. 

If the subject's private key is compromised, subject 706 employs the 
20 above Protocol P3 to prevent impersonation by an attacker. 

Subject 706 employs the following Protocol P8 to register with certificate 
authority 1401 and obtain an unsigned certificate. 

Protocol P8 

25 1 . Subject 706 sends the following data to certificate authority 1401 : 

the unsigned PKVC 800; the public key of the PKVA 701; and 
one or more identity attributes. 

2. Certificate authority 1401 verifies, by out-of-band administrative 
30 means, that the one or more identity attributes sent by subject 706 

in step 1 of Protocol P8 apply to subject 706. 
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3. Certificate authority 1401 creates a regular unsigned certificate 
1500, stores the regular unsigned certificate 1500 it in its database 
1402, and sends the regular unsigned certificate 1500 to subject 

5 706. Regular unsigned certificate 1 500 is illustrated in Figure 21 

and comprises the following fields: one or more fields 1501 
containing metadata, such as serial number and issuer name; an 
optional field 1502 containing the public key of the subject 706; 
one or more fields 1 503 containing the one or more identity 
10 attributes sent by subject 706 in step 1 of Protocol P8; and an 

optional field 1504 specifying an expiration date/time. 

4. Certificate authority 1401 creates a cryptographic hash by 
applying a collision-resistant hash function, such as MD5 or 

15 SHA-1 , to the concatenation of the regular unsigned certificate 

1500, the PKVN 802 contained in the PKVC 800 sent in step 1 of 
Protocol P8, and the public key of the PKVA 701 also sent in step 
1 of Protocol P8. Certificate authority 1401 sends this 
cryptographic hash to each verifier 707. 

20 

5. Each verifier 707 adds the cryptographic hash sent by certificate 
authority 1401 in step 4 of Protocol P8 to its hash table 1403. 

Subject 706 employs the following Protocol P9 to prove its identity to a 
25 verifier 707. 

Protocol P9 

1 . Subject 706 sends the following data to verifier 707: the regular 
unsigned certificate 1500 obtained from the certificate authority 
30 1401 using Protocol P8; a disposable PKVC 900 recently 
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obtained from the PKVA 701 using Protocol P2; and the public 
keyofthePKVA701. 

Verifier 707 validates the disposable PKVC 900 sent in step 1 of 
Protocol P9. Verifier 707 uses field 903 to verify that the 
certificate 900 has not expired. Verifier 707 verifies the signature 
904 using the public key of PKVA 701 also sent in step 1 of 
Protocol P9. 

Verifier 707 computes a cryptographic hash by applying the same 
collision-resistant hash function used by the certificate authority 
1401 in step 4 of Protocol P8 to the concatenation of the regular 
unsigned certificate 1500 sent by the subject in step 1 of Protocol 
P9, the PKVN 902 contained in the PKVC 900 sent by the subject 
in step 1 of Protocol P9, and the public key of PKVA 701 also 
sent by the subject in step 1 of Protocol P9. 

Verifier 707 verifies that the cryptographic hash computed in step 
3 of Protocol P9 is present in its hash table 1403. 

Subject 706 demonstrates knowledge of the private key 
associated with the public key contained in field 901 of the 
disposable PKVC 900 sent in step 1 of Protocol P9. The method 
in which subject 706 demonstrates knowledge of the private key 
depends on the cryptosystem for which the subject's 
private/public key pair has been generated. For example, if that 
cryptosystem is a digital signature cryptosystem, subject 706 can 
demonstrate knowledge of the private key by using the private 
key to sign a quantity derived from a random quantity generated 
by the verifier 707. Verifier 707 then verifies the signature using 
the public key 901 contained in the PKVC 900. 
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Authentication without Certificates 

When there is only one verifier, there is no need to use regular 
certificates for authentication. The subject can register its public key and 
5 identity attributes directly with the verifier. The verifier verifies that the 
attributes apply to the subject by an out-of-band administrative method, and 
records the binding of the public key to the identity attributes. Later, on a repeat 
visit, the subject proves its identity simply by demonstrating knowledge of the 
private key associated with the public key recorded by the verifier. 

10 To take advantage of a PKVA, the above authentication method without 

certificates is modified as follows. When registering with the verifier, the 
subject submits the unsigned PKVC and the public key of the PKVA instead of 
simply submitting its public key. The subject also submits its identity attributes 
as in the unmodified method. The verifier computes a cryptographic hash by 

1 5 applying a collision-resistant hash function, such as MD5 and SHA-1 , to the 
public key of the subject, the PKVN, and the public key of the PKVA. The 
verifier records the identity attributes and the cryptographic hash. A hash table 
keyed by the cryptographic hash can be used to find the record efficiently given 
the cryptographic hash. 

20 On a repeat visit, the subject submits a disposable PKVC together with 

the public key of the PKVA, and demonstrates knowledge of the private key 
associated with the public key contained in the disposable PKVC. The verifier 
checks that the disposable PKVC has not expired and verifies the signature on 
the disposable PKVC using the public key of the PKVA. The verifier extracts 

25 the PKVN from the disposable PKVC, and computes a cryptographic hash by 
applying the same collision-resistant hash function to the public key of the 
subject, the PKVN, and the public key of the PKVA. The verifier uses this hash 
to retrieve the record containing the identity attributes of the subject. 

30 
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Authentication without Certificates in an Ecommerce Scenario 

Authentication without regular certificates is useful in the scenario where 

an ecommerce customer using a web browser accesses an ecommerce web site. 

In the ecommerce scenario, it is desirable to be able to use the SSL protocol, 
5 which protects communications between web browsers and web servers, without 

modification. This can be accomplished by a small variation of the above 

modified protocol for authentication without regular certificates. 

In this scenario the subject is the customer using the web browser, and 

the verifier is the web server of the ecommerce site. 
10 Before registering with the verifier, the subject obtains a disposable 

PKVC from the PKVA. To register with the verifier, the subject submits a chain 

of certificates, comprising: the just-obtained disposable PKVC, signed by the 

PKVA; and a self-signed certificate containing the public key of the PKVA. The 

signatures on these two certificates are not functionally necessary, but they are 
15 practically necessary so that the implementation of the SSL protocol at the 

ecommerce site will accept the certificate chain. The SSL implementation also 

checks that the disposable PKVC has not expired. 

Similarly, on a repeat visit, the subject again submits a certificate chain 

comprising a currently valid disposable PKVC and a self-signed certificate 
20 containing the public key of the PKVA. 

A PKI according to the present invention having a PKVS employed in an 

ecommerce scenario where there is only one verifier is illustrated generally at 

1600 in Figure 22. PKI 1600 includes several main components which are each 

a software program. The main software program components of PKI 1600 run 
25 on one or more computer systems. In one embodiment, each of the main 

software program components runs on its own computer system. 

The PKVS of PKI 1600 employs one or more PKVAs 701 similar to the 

PKVAs 701 employed by the PKVSs of PKIs 700, 1 100, and 1400. PKI 1600 

does not, however, employ a regular certificate authority. 
30 In PKI 1600, subject 706 is an ecommerce customer that uses a web 

browser, while verifier 707 is an ecommerce site that uses a web server. Subject 
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706 and verifier 707 use the SSL protocol for mutual authentication and for 
protection of sensitive communications. The protocols used in this embodiment 
are designed in such a way that the SSL protocol can be used without 
modification between the subject 706 and the verifier 707. 
5 In PK1 1600, verifier 707 has a database 1601 of customer records that 

can be accessed efficiently through a hash table 1602. Each entry in the hash 
table 1602 is keyed by a cryptographic hash as described below, and contains a 
pointer to a customer record in the database 1601 . 

In PKI 1600, subject 706 employs the above Protocol PI to register its 
10 public key with the PKVA 701 and obtain an unsigned PKVC 800. 

Subject 706 employs the above protocol P2 to obtain a disposable PKVC 

900. 

If the subject's private key is compromised, subject 706 uses the above 
Protocol P3 to prevent impersonation by an attacker. 
15 Subject 706 employs the following Protocol P10 to register directly with 

verifier 707. 

Protocol PI 0 

1. Subject 706 and verifier 707 establish an SSL connection. As 
20 part of the SSL handshake that sets up the SSL connection, 

subject 706 sends to verifier 707 a client certificate chain 
comprising a currently valid disposable PKVC 900 and a self- 
signed certificate containing the public key of the PKVA 701 . 
Also, as part of the SSL handshake, subject 706 demonstrates 
25 knowledge of the private key associated with the public key 901 

contained in the PKVC 900. Verifier 707 also authenticates 
itself, in the usual manner, as part of the SSL handshake. 

2. Subject 706 sends customer information such as name, address, 
30 credit card numbers, etc., to verifier 707 under the protection of 

the SSL connection established in step 1 of Protocol P10. 
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3 . Verifier 707 carries out any out-of-band verification of the data 
sent by subject 706 in step 2 of Protocol P10 that may be required 
by its security policy. Then, verifier 707 creates a customer 
record in its database 1601 containing the information sent by 

5 subject 706 in step 2 of Protocol P10. 

4. Verifier 707 computes a cryptographic hash by applying a 
collision-resistant hash function, such as MD5 or SHA-1, to the 
public key of subject 706, the PKVN 902 contained in the 

10 disposable PKVC 900 sent by subject 706 in step 1 of Protocol 

P10, and the public key of PKVA 701 also sent in step 1 of 
Protocol P 10. 

On a repeat visit to the ecommerce web site, the following Protocol PI 1 
15 is employed by subject 706 to prove its identity and by verifier 707 to retrieve 
the customer record that was established for subject 706 in step 3 of Protocol 
P10. 

Protocol PI 1 

20 1 . Subject 706 and verifier 707 establish an SSL connection. As 

part of the SSL handshake, subject 106 sends a client certificate 
chain comprising a currently valid disposable PKVC 900 and a 
self-signed certificate containing the public key of PKVA 701 . 
Also as part of the SSL handshake, subject 706 demonstrates 

25 knowledge of the private key associated with the public key 901 

contained in the PKVC 900. Also as part of the SSL handshake, 
verifier 707 uses the expiration date/time field 903 in the 
disposable PKVC 900 to verify that the disposable PKVC has not 
expired. Also as part of the SSL handshake, verifier 707 verifies 

30 the signature 904 in the disposable PKVC 900 using the public 

key of the PKVA 701 contained in the self-signed certificate. 
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25 



Verifier 707 also authenticates itself, in the usual manner, as part 
of the SSL handshake. 

2. Verifier 707 computes a cryptographic hash by applying the same 
collision-resistant hash function used in step 4 of Protocol P10 to 
the public key of subject 706, the PKVN 902 contained in the 
disposable PKVC 900 sent by subject 706 in step 1 of Protocol 
PI 1, and the public key of PKVA 701 also sent in step 1 of 
Protocol PI 1. 

3. Verifier 707 uses the cryptographic hash computed in step 2 of 
Protocol PI 1 to look up its hash table 1602. The look up retrieves 
a hash table entry containing a pointer to a record in the database 
1601 . Verifier 707 uses that pointer to retrieve the record that 
was established for the subject 706 in step 3 of Protocol P10. 

. Conclusion 

In a likely scenario for tomorrow's ecommerce, a user will generate a 
public/private key pair and will register the public key component of the key pair 
with any number of ecommerce sites. On repeat visits to those sites, the user 
will authenticate the user by demonstrating knowledge of the corresponding 
private key. This scenario provides higher security than the current use of a 
password sent over an SSL connection, which is vulnerable because users 
typically use the same password for all sites. This scenario also avoids the 
transfer of responsibility for customer registration from the ecommerce site to a 
certification authority, which should be unacceptable to most ecommerce sites. 
A difficulty with this scenario is that, if the user's private key is compromised, 
the user has to notify each and every ecommerce site with which the user has 
registered the private key. 

The present invention solves this difficulty through the use of a public 
key validation service (PKVS). The user registers the user's public key with the 
PKVS and obtains an unsigned certificate similar to the above described 
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lightweight PKI employing disposable certificates, except that the public key is 
bound to a serial number rather than to the user's identity. Thus, the PKVS does 
not take on the responsibility of identifying the user through the registration 
process. The PKVS guarantees only that the serial number will be unique. Once 
5 the user has registered the public key with the PKVS and obtained the unsigned 
certificate, the user can obtain disposable certificates against the unsigned 
certificate similar to the above described lightweight PKI employing disposable 
certificates. 

When the user registers as a customer with an ecommerce site, the user 
10 submits the user's public key, the serial number issued by the PKVS, and the 
public key of the PKVS. The ecommerce site computes a cryptographic hash of 
user's public key, the serial number issued by the PKVS, and the public key of 
the PKVS, and stores the hash as part of the customer record. On a subsequent 
visit to the site, the user presents a disposable certificate issued by the PKVS 
1 5 together with the public key of the PKVS. The site verifies the signature on the 
disposable certificate, verifies that the disposable certificate has not expired, 
computes the cryptographic hash of the user's public key and the serial number 
contained in the certificate concatenated with the public key of the PKVS, and 
verifies that the hash coincides with the one stored as part of the customer 
20 record. 

If the private key is compromised, the user asks the PKVS to revoke the 
unsigned certificate. The PKVS revokes the unsigned certificate similar to the 
above described lightweight PKI employing disposable certificates. After the 
PKVS revokes the unsigned certificate, the PKVS will never again issue 

25 disposable certificates for the same serial number signed with the same private 
key. This will make it impossible for an attacker who knows the private key of 
the user to visit an ecommerce site and pretend to be the user on a repeat visit. 

The present invention can also be used to validate other uses of a public 
key besides the example registration of the public key with an ecommerce site. 

30 Moreover, the subject may use its private/public key pair for multiple 

authentication purposes, and may use a different authentication method for each 
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purpose, such as the different example authentication methods described above 
including: 1) authentication using traditional public key certificates; 2) 
authentication using disposable certificates; 3) authentication using unsigned 
certificates that are presented directly to the verifiers; and 4) authentication 
5 without certificates. The authentication using unsigned certificates method is 
suitable when there are only a few verifiers (e.g., up to a few hundred verifiers). 
The authentication without certificates method involves only one verifier. Each 
of these four methods can be modified to take advantage of a PKVA according 
to the present invention. 

10 Figure 23 illustrates one embodiment of a computer system 250 and an 

external computer readable medium 252 which can be employed according to 
the present invention to implement one or more of the main software program 
components of a PKI having a PKVS according to the present invention. 
Embodiments of external computer readable medium 252 include, but are not 

15 limited to: a CD-ROM, a floppy disk, and a disk cartridge. Any one of the main 
software program components of a PKI having a PKVS according to the present 
invention can be implemented in a variety of compiled and interpreted computer 
languages. External computer readable medium 252 stores source code, object 
code, executable code, shell scripts and/or dynamic link libraries for any one of 

20 the main software program components of a PKI having a PKVS according to 
the present invention. An input device 254 reads external computer readable 
medium 252 and provides this data to computer system 250. Embodiments of 
input device 254 include but are not limited to: a CD-ROM reader, a floppy disk 
drive, and a data cartridge reader. 

25 Computer system 250 includes a central processing unit 256 for 

executing any one of the main software program components of a PKI having a 
PKVS according to the present invention. Computer system 250 also includes 
local disk storage 262, which is a computer readable medium for locally storing 
any one of the main software program components of a PKI having a PKVS 

30 according to the present invention before, during, and after execution. Any one 
of the main software program components of a PKI having a PKVS according to 
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the present invention also utilizes memory 260, which is a computer readable 
medium within the computer system, during execution. Upon execution of any 
one of the main software program components of a PKI having a PKVS 
according to the present invention, output data is produced and directed to an 
5 output device 258. Embodiments of output device 258 include, but are not 
limited to: a computer display device, a printer, and/or a disk storage device. 

Although specific embodiments have been illustrated and described 
herein for purposes of description of the preferred embodiment, it will be 
appreciated by those of ordinary skill in the art that a wide variety of alternate 

10 and/or equivalent implementations calculated to achieve the same purposes may 
be substituted for the specific embodiments shown and described without 
departing from the scope of the present invention. Those with skill in the 
chemical, mechanical, electro-mechanical, electrical, and computer arts will 
readily appreciate that the present invention may be implemented in a very wide 

15 variety of embodiments. This application is intended to cover any adaptations or 
variations of the preferred embodiments discussed herein. Therefore, it is 
manifestly intended that this invention be limited only by the claims and the 
equivalents thereof. 

20 
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WHAT IS CLAIMED IS: 



1 . A public key validation agent (PKV A) (70 1 ) comprising: 

an off-line registration authority (702) for issuing a first unsigned public 
5 key validation certificate (unsigned PKVC) (800) off-line to a subject (706) that 
binds a public key (801) of the subject to a first public key serial number 
(PKVN) (802), the registration authority maintaining a certificate database of 
unsigned PKVCs in which it stores the first unsigned PKVC; and 

an on-line credentials server (703) for issuing a disposable public key 
10 validation certificate (disposable PKVC) (900) on-line to the subject, the 
disposable PKVC binds the public key of the subject from the first unsigned 
PKVC to the first PKVN from the first unsigned PKVC, wherein the credentials 
server maintains a table (704) that contains entries corresponding to valid 
unsigned PKVCs stored in the certificate database. 

15 

2. The PKVA of claim 1 wherein the first PKVN is different than all 
previous PKVNs generated by the registration authority. 

3. The PKVA of claim 1 wherein the credentials server is responsive to a 
20 revocation request from the subject to invalidate the first unsigned PKVC entry 

in the table of the credential server. 

4. The PKVA of claim 3 wherein the registration authority generates a 
public key revocation code (PKRC) to be used by the subject in its revocation 

25 request. 

5. The PKVA of claim 4 wherein the registration authority sends the PKRC 
to the subject over a secure channel that provides data confidentiality. 

30 6. The PKVA of claim 1 wherein the disposable PKVC includes an 
expiration date/time. 
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7. The PKVA of claim 6 wherein a validity period from when the 
credentials server issues the disposable PKVC to the expiration date/time is 
sufficiently short such that the disposable PKVC does not need to be subject to 

5 revocation. 

8. The PKVA of claim 6 wherein the disposable PKVC is not subject to 
revocation. 

10 9. The PKVA of claim 1 wherein the table maintained by the credentials 
server is a hash table containing cryptographic hashes of valid unsigned PKVCs 
stored in the certificate database and including a cryptographic hash of the first 
unsigned PKVC. 

15 10. The PKVA of claim 1 wherein the credential server issues the disposable 
PKVC in response to a message from the subject containing the issued first 
unsigned certificate. 

1 1 . The PKVA of claim 9 wherein the credentials server computes the 
20 cryptographic hash of the first unsigned PKVC with a collision-resistant hash 

function. 

12. The PKVC of claim 1 1 wherein the collision-resistant hash function is a 
SHA-1 hash function. 

25 

1 3. The PKVC of claim 1 1 wherein the collision-resistant hash function is a 
MD5 hash function. 

14. The PKVC of claim 1 wherein the disposable PKVC permits the subject 
30 to present the disposable PKVC to a verifier for authentication and for 
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demonstrating that the subject has knowledge of a private key corresponding to 
the public key in the disposable PKVC. 

15. A method of validating a public key (801) of a subject (706), the method 
5 comprising: 

issuing a first unsigned public key validation certificate (unsigned 
PKVC) (800) off-line to the subject that binds the public key of the subject to a 
first public key serial number (PKVN) (802); 

maintaining, off-line, a certificate database of unsigned PKVCs including 
1 0 the first unsigned PKVC ; 

issuing a disposable public key validation certificate (disposable PKVC) 
(900) on-line to the subject, wherein the disposable PKVC binds the public key 
of the subject from the first unsigned PKVC to the first PKVN from the first 
unsigned PKVC; 

1 5 maintaining, on-line, a table (704) that contains entries corresponding to 

valid unsigned PKVCs stored in the certificate database. 

16. The method of claim 15 wherein a registration authority performs the 
issuing of the first unsigned certificate step, and wherein the first PKVN is 

20 different than all previous PKVNs generated by the registration authority. 

17. The method of claim 15 further comprising: 

invalidating, in response to a revocation request from the subject, the first 
unsigned PKVC entry in the table. 

25 

1 8. The method of claim 1 7 further comprising: 

generating a public key revocation code (PKRC) to be used by the 
subject in its revocation request. 

30 19. The method of claim 1 8 further comprising: 
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sending the PKRC to the subject over a secure channel that provides data 
confidentiality. 

20. The method of claim 1 5 wherein the disposable PKVC includes an 
5 expiration date/time. 

21 . The method of claim 20 wherein a validity period from when the 
disposable PKVC is issued to the expiration date/time is sufficiently short such 
that the disposable PKVC does not need to be subject to revocation. 

10 

22. The method of claim 20 wherein the disposable PKVC is not subject to 
revocation. 

23. The method of claim 1 5 wherein the maintaining the table step includes 
1 5 maintaining a hash table containing cryptographic hashes of valid unsigned 

PKVCs stored in the certificate database and including a cryptographic hash of 
the first unsigned PKVC. 

24. The method of claim 1 5 wherein the step of issuing the disposable PKVC 
20 is performed in response to a message from the subject containing the issued first 

unsigned certificate. 

25. The method of claim 23 further comprising: 

computing the cryptographic hash of the first unsigned PKVC with a 
25 collision-resistant hash function. 

26. The method of claim 25 wherein the computing step includes computing 
the cryptographic hash of the first unsigned PKVC with a SHA-1 hash function. 



30 



27. The method of claim 25 wherein the computing step includes computing 
the cryptographic hash of the first unsigned PKVC with a MD5 hash function. 
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28. The method of claim 15 wherein the disposable PKVC permits the 
subject to present the disposable PKVC to a verifier for authentication and for 
demonstrating that the subject has knowledge of a private key corresponding to 
5 the public key in the disposable PKVC. 
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